The adult reproductive axis is driven by an intermittent discharge of gonadotropin-releasing hormone (GnRH) generated by a network of hypothalamic neurons known as the GnRH pulse generator. Although this signal generator is operational in infant primates, puberty in these species is delayed by activation shortly after birth of a central neural mechanism that holds GnRH release in check during juvenile development. Here, we show that, in the male rhesus monkey, the postnatal pattern in GnRH pulse generator activity is inversely related to that in neuropeptide Y (NPY) gene and protein expression in the mediobasal hypothalamus and that central administration of an NPY Y1 receptor antagonist to juvenile animals elicits precocious GnRH release. Cell imaging indicated that the developmentally regulated NPY neurons may be located in regions dorsal to the arcuate nucleus. These findings lead us to propose that NPY is a fundamental component of the neurobiological brake restraining the onset of puberty in primates.
The adult reproductive axis is driven by an intermittent discharge of gonadotropin-releasing hormone (GnRH) generated by a network of hypothalamic neurons known as the GnRH pulse generator. Although this signal generator is operational in infant primates, puberty in these species is delayed by activation shortly after birth of a central neural mechanism that holds GnRH release in check during juvenile development. Here, we show that, in the male rhesus monkey, the postnatal pattern in GnRH pulse generator activity is inversely related to that in neuropeptide Y (NPY) gene and protein expression in the mediobasal hypothalamus and that central administration of an NPY Y1 receptor antagonist to juvenile animals elicits precocious GnRH release. Cell imaging indicated that the developmentally regulated NPY neurons may be located in regions dorsal to the arcuate nucleus. These findings lead us to propose that NPY is a fundamental component of the neurobiological brake restraining the onset of puberty in primates.
T o investigate the neurobiology of the restraint that is imposed on pulsatile gonadotropin-releasing hormone (GnRH) release in prepubertal primates, we first examined changes in hypothalamic gene expression during the juvenile-pubertal transition, the developmental stage when the GnRH pulse generator (1) is being released from check, which, in the rhesus monkey, occurs at approximately 2-3 yr of age (2, 3) . Because the gonads do not dictate the temporal pattern of GnRH pulse generator activity during primate development (2) , agonadal monkeys were used. This eliminated any secondary molecular changes in the hypothalamus, which, in intact animals, may be anticipated to occur in response to the action of increased gonadal steroid secretion at the time of puberty, and which may therefore confound identification of the genes that underlie removal of the prepubertal brake on GnRH release. The male was used because the prepubertal hiatus in pulsatile GnRH release is more marked than that in the female (2) , and it was reasoned that the components of the brake would be correspondingly exaggerated, and therefore perhaps easier to identify for the first time.
Because pubertal changes in GnRH and ␥-aminobutyric acid (GABA) contents in hypothalamic perfusates are inversely related in the female monkey (4) , and because inhibition of GABA synthesis or action before menarche leads to precocious GnRH release (5), levels of the mRNAs encoding the GABAsynthesizing enzymes glutamic acid decarboxylase (GAD) 65 and GAD 67 were studied. Similarly, expression of transforming growth factor ␣ (TGF␣), a glial-derived growth factor implicated in the control of puberty in rat (6), was examined because TGF␣ mRNA levels throughout postnatal development in the female macaque parallel GnRH pulse generator activity (7) . mRNA levels encoding neuropeptide Y (NPY) were studied because intracerebroventricular (i.c.v.) administration of this peptide to adult female monkeys is inhibitory to pulsatile GnRH release (8) . Finally, this experiment provided an opportunity to reevaluate the conclusion that GnRH gene expression is not upregulated at the time of puberty in monkeys (7, 9) .
As the foregoing study unfolded, results were obtained that prompted additional investigation of (i) NPY expression during the neonatal-juvenile transition, when the GnRH pulse generator is brought into check, and (ii) the action of NPY receptor antagonism on GnRH release in the juvenile. Together, the results provide evidence for the view that NPY is a major component of the neurobiological brake that holds the primate GnRH pulse generator in check during juvenile development.
Materials and Methods
Animals. Thirty-three male rhesus monkeys (Macaca mulatta) were used. The majority of animals (n ϭ 29) were housed with their mothers in individual cages until killed as neonates (n ϭ 4, Exp. 2) or until 4.5-9 mo of age, at which time they were separated from their mothers and maintained either as pairs in individual cages (n ϭ 4, Exp. 2) or as social groups. Monkeys reared in groups were placed in individual cages for a period of at least 6 wk before initiation of Exps. 1, 3, and 4. Four monkeys were purchased at 1 yr or more of age and housed in individual cages. Animals in individual cages were maintained under a controlled photoperiod (lights on, 0700-1900) and ambient temperature of 20°C (3). These animals were fed at approximately 1100 with Purina Monkey Chow and at 1500 with fruit; they were killed between 0900 and 1100, before feeding. Neonatal monkeys were also killed at this time. All animals were maintained in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals, and protocols were approved by the Institutional Animal Care and Use Committee.
et al. (12) : after visualization of the ventricular system with radiopaque dye, the needle used to inject dye was removed and replaced with the cannula that was cemented to the cranium. A silicone catheter (0. 6 RIA. Luteinizing hormone (LH) concentrations were estimated by a double-antibody RIA using recombinant monkey LH (AFP6936A) for standard and radioiodinated trace and a polyclonal rabbit antiserum (AFP342994) raised against the recombinant LH as first antibody. These reagents were provided by the National Hormone and Pituitary Program. The sensitivity of the LH RIA was 0.09 ng͞ml, and the mean intra-and interassay coefficient of variation was Ͻ6% and Ͻ10%, respectively. Hypothalamic NPY content was determined by an RIA using hNPY as standard and iodinated trace, and a polyclonal rabbit antiserum (RA-31) as previously described (13, 14) . Hypothalamic GnRH content was estimated by a double-antibody RIA using the decapeptide as standard and iodinated trace, and a polyclonal rabbit antiserum (R1245) previously characterized (15) . NPY and GnRH contents were determined in single assays and normalized to protein content measured in the Bradford assay (Bio-Rad).
RNase Protection Assays. mRNA levels were quantitated by RNase protection assay as previously described (16), using 32 P-labeled riboprobes generated from a 204-bp fragment of monkey GnRH and 364-bp fragment of monkey TGF␣ cDNAs (7); a 382-bp fragment of monkey GAD 65 and a 210-bp fragment of monkey GAD 67 cDNAs (5); a 511-bp fragment of rat NPY cDNA (17); a 521-bp fragment of hNPY cDNA (18) ; and a 117-bp fragment of rat cyclophilin (Cyclo) cDNA (19) . The integrated OD of the mRNA hybrids was quantified by Molecular Analyst Software (Bio-Rad) after background subtraction, normalized to the Cyclo hybrid, and expressed as relative OD.
In Situ Hybridization. In situ hybridization on 25-m hypothalamic sections was conducted after acetylation, washing in 0.2ϫ SSC (1ϫ SSC ϭ 0.15 M sodium chloride͞0.015 M sodium citrate, pH 7) ϩ 0.02% diethyl pyrocarbonate (DEP), and dehydration. After treatment with prehybridization buffer, sections were incubated with 33 P-labeled sense or antisense hNPY riboprobe (0.4 pmol per section). Hybridization proceeded for 2 days at 50°C. Sections were rinsed with 0.1ϫ SSC for 1 h at 60°C, and then with 0.1ϫ SSC overnight at 42°C. After hydration, sections were dried, dipped in Kodak NTB-3 emulsion at 44°C, and stored in dry, light-tight boxes at 4°C for 7 days.
Statistics. Differences in mean LH levels were determined by using a one-way ANOVA. For all other parameters, the nonparametric Mann-Whitney U test was used. Differences were considered significant if P Ͻ 0.05. Eight prepubertal monkeys (15-19 mo of age) were orchidectomized. Four animals (juvenile group) were killed within 10 wk of castration, when plasma LH concentrations were undetectable and well before reaugmentation of pulsatile GnRH release was to be anticipated. The remaining monkeys (pubertal group) were killed after the pubertal reaugmentation of pulsatile GnRH release had been established by tracking LH levels. Hypothalami were collected and divided by a coronal cut at the caudal boundary of the optic chiasm separating the hypothalamus into a rostral and caudal block containing the anterior hypothalamic͞preoptic area (POA) and the mediobasal hypothalamus (MBH), respectively. mRNA and protein were extracted with RNAzol (RNA STAT-60).
Exp. 2: NPY mRNA and Peptide Levels During the Neonatal-Juvenile
Transition. Eight monkeys were castrated at 1 wk of age; four were killed 4-7 wk later when GnRH pulse generator activity was robust, and four were killed at 12-15 mo of age after verifying that the prepubertal restraint on pulsatile GnRH had been applied. Hypothalami were collected and processed for mRNA and peptide analysis, as in Exp. 1.
Exp. 3: NPY Y1
Receptor Antagonism in Juvenile Monkeys. Seven juvenile monkeys were castrated at 14-16 mo of age and implanted with i.v. catheters and i.c.v. cannulae. To use the pituitary as a bioassay for endogenous GnRH discharges, the sensitivity of the gonadotrophs to GnRH stimulation was heightened by an intermittent i.v. infusion of GnRH (3). The NPY Y 1 receptor antagonist, 1229U91 (20, 21) , was studied at two doses; 100 and 300 g injected as i.c.v. boli in 100 l of aCSF followed by a 400-l flush with aCSF. Blood samples were withdrawn by the i.v. catheter before and after administration of the drug to measure changes in circulating LH concentrations. The high dose of the Y 1 antagonist was also studied in the presence of a GnRH receptor antagonist. For this purpose, acyline (200 g͞day) was injected s.c. for 3 days before i.c.v. injection of the Y 1 antagonist. The Y 1 antagonist (3,500 g) was also administered i.v. to three of the juveniles.
Four animals were used to study the action of NPY on hypothalamic GnRH release. For this purpose, NPY was injected as a single i.c.v. bolus of 100-200 g: a dose that was first established to modulate LH release in two agonadal postpubertal males (see Results). The action of the Y 1 antagonist (300 g i.c.v.) was also examined in the postpubertal males. Pharmacological experiments in juveniles were completed before 21 mo of age.
Exp. 4: NPY mRNA-Expressing Neurons in Situ.
A second group of eight prepubertal monkeys (15-18 mo of age) were orchidectomized. Four animals (juvenile group) were perfused with 4% paraformaldehyde in 0.1 M PBS (22) within 10 wk of castration. The remaining monkeys (pubertal group) were similarly perfused at 29-35 mo of age after reaugmentation of pulsatile GnRH release had been established, as in Exp 1. Hypothalami were bisected in the sagittal plane and, for this study, one half was postfixed in paraformaldehyde. Then, 25-m sections of the MBH and POA were cut on a microtome and stored at Ϫ20°C in cryoprotectant (22) .
Results
Exp. 1. In agonadal male monkeys, the mean level of the mRNA encoding GnRH in the MBH of pubertal animals was 75% greater than that in juveniles (Fig. 1) . In contrast, in the POA, developmental changes in this mRNA were not observed. Interestingly, the pubertal amplification in hypothalamic GnRH gene expression in agonadal males was associated with a 30% decrease in levels of the mRNA encoding NPY in the MBH, and this developmental change in NPY gene expression was paralleled by that in NPY peptide content (Fig. 2) . Changes in NPY mRNA and peptide levels during the juvenile-pubertal transition were not observed in the POA (Fig. 2) .
A significant 30% increase in levels of the mRNA encoding TGF␣ was also observed in the pubertal monkeys when compared with juveniles and, as with changes in GnRH and NPY gene expression, this was observed only in the MBH (Fig. 3) . Levels of the mRNAs encoding GAD 65 and GAD 67 in the juvenile and pubertal animals were indistinguishable in both the MBH and POA (Fig. 3) .
GnRH peptide content (mean Ϯ SD) in the MBH and POA of juvenile monkeys (0.96 Ϯ 0.12 and 0.74 Ϯ 0.16 ng͞mg protein, respectively) and pubertal monkeys (0.76 Ϯ 0.11 and 0.72 Ϯ 0.11 ng͞mg protein) did not show developmental differences.
Exp. 2. During the neonatal-juvenile transition, NPY mRNA levels and peptide contents in the MBH of the neonates were 35-40% lower than those in juveniles, and, moreover, these developmental changes in NPY gene and protein expression were again restricted to this region of the hypothalamus (Fig. 4) . It should also be noted that the mean NPY mRNA level and peptide content in the MBH and POA of the juvenile animals used to study the neonatal-juvenile transition were similar to those observed in the juvenile group used for Exp 1.
Exp. 3. The impact of NPY receptor antagonism on hypothalamic GnRH release in juveniles was assessed indirectly by using the LH response of the pituitary previously sensitized to the releasing factor. Intracerebroventricular injection of 300 g of 1229U91, an NPY Y 1 receptor antagonist, elicited an immediate and robust discharge of LH (Fig. 5) , which was abolished by prior treatment with the GnRH receptor antagonist acyline (not shown). Intravenous administration of 1229U91, at doses at least 10 times greater than those administered centrally, failed to elicit LH release (not shown).
Intracerebroventricular administration of 100-200 g of NPY to juveniles failed to elicit GnRH release (not shown). Similar doses of NPY, however, interrupted pulsatile LH release in the two postpubertal animals (not shown). Additionally, i.c.v. administration of the Y 1 antagonist to the postpubertal monkeys did not influence spontaneous pulsatile LH release (not shown).
Exp. 4.
In both juvenile and pubertal monkeys, NPY mRNAexpressing cells were observed concentrated in the region of the arcuate nucleus and distributed diffusely in more dorsal regions of the MBH (Fig. 6) . In situ NPY mRNA expression in non- arcuate regions of the juvenile MBH appeared to be greater than that in pubertal monkeys (Fig. 6 ), although this difference was not quantitated.
Discussion
The present finding of a pubertal increase in the hypothalamic level of the mRNA encoding GnRH in the agonadal male monkey was perhaps to be anticipated because it is well established that an elevated release of the decapeptide occurs at this stage of development in the castrate situation (2, 3). Such a temporal pattern of GnRH gene expression, however, has not been observed in intact monkeys (7, 9) . Presumably, in the presence of the gonad, the developmentally programmed drive to increase GnRH gene expression in the MBH is limited by the concomitant inhibitory action of enhanced gonadal hormone secretion. The foregoing view is supported by the finding that, in the adult monkey, orchidectomy results in an increase in GnRH mRNA in the MBH (16), the magnitude of which is similar to the amplification in GnRH gene expression observed in the present study during the peripubertal transition. In contrast to mRNA levels, hypothalamic GnRH peptide content did not change during the juvenile-pubertal transition, as has been previously reported (23) .
The finding of an inverse correlation between increasing hypothalamic GnRH gene expression and release on the one hand and diminishing NPY mRNA and peptide levels on the other during the juvenile-pubertal transition in agonadal males was particularly intriguing to us, because, in the adult female monkey, i.c.v. administration of this neuropeptide had been reported to inhibit pulsatile GnRH release (8) . Together, these observations raised the possibility that an increased NPY tone in the MBH of the juvenile may play a role in restraining the GnRH pulse generator during this stage of development, an idea that was reinforced by our finding that the inhibitory action of NPY on pulsatile GnRH release postpubertally is also demonstrable in the male. We reasoned that, if there was merit to this notion, it was to be predicted that NPY mRNA and peptide levels in the hypothalamus of neonatal monkeys would be low because, at the early stage of postnatal development, the GnRH pulse generator has yet to be brought into check. This proved to be the case, with changes in hypothalamic NPY gene and protein expression during the neonatal-juvenile transition again being restricted to the MBH.
On the other hand, although findings by others (4, 5) have indicated that GABA may be an important neurochemical component of the restraint imposed on pulsatile GnRH release in the juvenile female monkey, in the present study, levels of the mRNAs encoding the GABA-synthesizing enzymes, GAD 65 and GAD 67 , were indistinguishable in the juvenile and pubertal groups. This result confirms an earlier study employing in situ hybridization (24) , and together they indicate that, in the male monkey, the lifting of the prepubertal brake on GnRH release is not the consequence of a decrease in GAD gene expression.
Similarly, TGF␣ has been implicated in the pubertal amplification of GnRH release in the female monkey (7), but, in the present study, the juvenile-pubertal increase in levels of the mRNA encoding this glial growth factor was less striking than that reported for the female. Also, the recent finding that GnRH neurons make frequent synaptoid contacts with astrocytes in the MBH of the monkey raises the possibility that the pubertal increase in TGF␣ gene expression may be the consequence rather than a cause of increased GnRH neuronal activity (22) . Moreover, in contrast to the female monkey (7), hypothalamic TGF␣ mRNA levels in agonadal males do not change during the neonatal-juvenile transition (M.E.M., A.S., and T.M.P., unpublished observations).
For the above-mentioned reasons, NPY became the focus of our attention, and we next determined whether the elevated NPY tone of the juvenile MBH is instrumental in restraining the GnRH pulse generator during this phase of development. Intracerebroventricular injection of the NPY Y 1 receptor antagonist, 1229U91, elicited a dose-dependent discharge of GnRH as reflected by the pituitary LH response. Although 1229U91 is also an agonist at the NPY Y 4 receptor (21), the ability of this compound to elicit precocious GnRH release from the hypothalamus of juveniles was apparently unrelated to the latter action because i.c.v. administration of NPY to juveniles, at doses shown to modulate GnRH release in postpubertal animals, failed to mimic the effect of 1229U91.
In accord with results from RNase protection assay, in situ hybridization revealed that NPY mRNA-expressing cells in the monkey MBH were more noticeable in juveniles than in pubertal animals, and this was particularly apparent for a subset of NPY mRNA-expressing neurons found diffusely distributed in regions dorsal to the arcuate nucleus. In order for NPY neurons in the MBH of the juvenile to restrain pulsatile GnRH release directly, they must send projections either to the median eminence, to interact with GnRH terminals, or to areas such as the ventrohypothalamic tract, where the majority of GnRH perikarya in the primate MBH are located (25) . The first possibility seems unlikely because, at the level of the monkey median eminence, NPY is recognized to exert stimulatory actions on GnRH release (8, 26) , and, in the present study, i.v. administration of large doses of the Y 1 antagonist failed to elicit GnRH release in juveniles.
Although preliminary double-label immunostaining has failed to provide evidence for interactions between GnRH perikarya and NPY terminals in the monkey (27) , this issue now requires more detailed analysis in view of the findings reported here. We have previously demonstrated that synaptic input to GnRH perikarya in the MBH, but not the POA, declines in association with the lifting of the prepubertal brake on pulsatile GnRH release (28) , and it is therefore tempting to speculate that the synapses lost may be NPYergic. Certainly, postsynaptic inhibition of GnRH neurons is consistent with the view that NPY receptors, including the Y 1 subtype, are G-protein-coupled receptors (29) , which, on activation, lead to membrane hyperpolarization (30) .
The possibility that NPY neurons may also indirectly restrain GnRH release in the juvenile cannot be excluded. Here, it is to be noted that the precocious GnRH discharge elicited by Y 1 receptor antagonism was reminiscent of the explosive episodes of GnRH secretion that are readily evoked at this stage of development in response to intermittent activation of hypothalamic glutamate receptors (10, 30) . Thus, the prepubertal restraint on GnRH release may be mediated, in part, by NPY inhibition of glutamatergic interneurons. In either case, it seems reasonable to propose that the waning in hypothalamic NPY tone at the termination of the juvenile phase may be temporarily coupled to a structural remodeling in a subset of NPY neurons in the MBH. Such a view is consistent with the present result that the Y 1 receptor antagonist failed to elicit GnRH release in two postpubertal monkeys, and with the notion that the MBH of the pubertal monkey remains plastic as reflected by the expression of embryonic neural cell adhesion molecule in this hypothalamic area (32) .
The finding that developmental changes in hypothalamic NPY gene and peptide expression were restricted, without exception, to the MBH is worthy of emphasis. This is because the MBH is considered to contain the fundamental neural components underlying the onset of puberty in the monkey (33, 34) , and, therefore, this anatomical specificity provides further, albeit circumstantial, support for the importance of NPY in dictating the ontogeny of pulsatile GnRH release.
The foregoing considerations lead us to propose that, in male primates, a removal of an inhibitory NPY input to hypothalamic GnRH neurons at the end of the juvenile phase of development reestablishes the hypophysiotropic drive to the pituitarygonadal axis and leads to the onset of puberty. The overall pattern of GnRH pulse generator activity during postnatal development in male and female primates is qualitatively similar (2), and, therefore, it is likely that the prepubertal activation of NPY neurons observed in the male MBH will also be operative in the female. The hypothalamic restraint imposed on GnRH release in the prepubertal female, however, is less intense than that in the male (2), and it is reasonable to predict that the NPY brake in the female will be correspondingly weaker. On the other hand, the restraint imposed by the gonad on gonadotropin release in the premenarcheal monkey is relatively robust (35) , whereas testicular feedback at a corresponding stage of development is at best trivial (2). Thus, the data from the intact female demonstrating a pivotal role for GABA as an inhibitor of GnRH release before puberty (4, 5) , and those generated by the present study implicating NPY in this regard may be reconciled by proposing that gonadal restraint on prepubertal GnRH release is mediated by GABA inhibition. Accordingly, the MBH of the prepubertal female would exhibit a marked GABA tone, which, when antagonized, would lead as previously established to precocious GnRH release (4, 5) .
In addition to NPY neurons providing the brake that is imposed on the GnRH pulse generator before the onset of puberty, evidence indicates that NPY also subserves neuronal networks in the primate MBH that facilitate GnRH release after the initiation of puberty. In pubertal and postpubertal female monkeys, but not in premenarcheal subjects, NPY infusion in the region of the median eminence stimulates GnRH release, and infusion of NPY antibody into this hypothalamic area suppresses GnRH discharges (36) . The emergence of this stimulatory action of NPY at puberty is associated with an amplification in pulsatile release of the neuropeptide in the median eminence, which is temporally coupled to that of GnRH (36) . We therefore speculate that two functionally distinct subsets of GnRH regulating NPY neurons must reside within the primate MBH. One subset is developmentally governed and comprises the neurobiological brake that holds the GnRH pulse generator in check during juvenile development; these NPY neurons project away from the median eminence to areas containing GnRH perikarya. The second subset comprises an intrinsic component of the GnRH pulse generating neuronal network; these NPY neurons project to the median eminence, an area devoid of GnRH cell bodies but containing GnRH axons and terminals. Whether the two subsets of NPY perikarya proposed in this model are anatomically distinct remains to be established.
